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Light and ultrastructural observations on vascular dysfunction induced 
by Ceratocystis ulmi in leaf and petiole traces of Ulmus americana were 
conducted to determine the nature and extent of occurrence of vascular 
dysfunction at various stages of disease development in naturally infected 
twigs and in cuttings of American elm treated with sterile culture filtrates. 
Ultrastructural studies on anatomical changes in leaf and petiole traces 
of naturally infected and culture-filtrate treated elm twigs are lacking. 
It appears as if vascular dysfunction at these anatomical sites in elm may 
be critical in the water balance problem associated with wilting in Dutch 
elm disease. 
Observations at the levels of light and electron microscopy have 
revealed that vascular dysfunction is similar in leaf and petiole traces 
of naturally infected branches and in culture filtrate-treated cuttings. 
In both types of material vessel lumina were found to be occluded with 
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granular or gum-like substances, vessel wall surfaces and middle lamellae 
were deteriorated, and intertracheary pit membranes were markedly darkened. 
In some instances, tylose-like bodies and bubble-like formations from the 
vessel wall occluded vessel lumina. Occasionally, hyphal segments 
were observed in vessel lumina in some traces from naturally infected 
twigs. Except for the presence of hyphal segments, vascular dysfunction 
in vessels in leaf and petiole traces from culture filtrate-treated 
cuttings, was indistinguishable from that in naturally infected material. 
The results of this study reveal the extent to which vascular 
dysfunction occurs in petiolar and leaf traces of elm infected by the 
Dutch elm disease fungus. Since these sites represent the only passage¬ 
ways for water to move to the leaf lamina extensive dysfunction in these 
areas should result in a critical water balance in the leaf blade. It 
appears likely, therefore, that leaf wilt in Dutch elm disease may be 
the direct result of vascular dysfunction at these anatomical sites. 
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CHAPTER I 
INTRODUCTION 
Dutch elm disease, caused by Ceratocystis ulmi (Buism.) C. Moreau, 
has been studied for half a century. The severe damage that the fungus 
has inflicted on both European and American species of elms is reflected 
in the voluminous literature that exists on the disease. Most of the 
studies in the literature have dealt with reactions of susceptible hosts 
to the fungus at advanced stages of the disease, inoculations and disease 
development, and also reflect a concern for practical controls for the 
disease. Few studies have been made on anatomical changes induced by 
the fungus in host tissue at the ultrastructural level. Studies of this 
nature that have been made have concentrated on changes occurring primarily 
in the secondary xylem of the internodal regions of stems of diseased 
plants. 
There appear to be no studies, at the ultrastructural level, on 
vascular dysfunction in those parts of the elm where primary xylem elements 
predominate, such as in the leaf traces and petioles. Vascular elements 
in the elm leaf traces and petioles are the only connecting link between 
the leaf lamina and the xylem of the stem, and represent, therefore, the 
only pathway through which water can reach the leaf mesophyll. Consequently, 
vascular dysfunction at these sites should be critical in the water 
transport process in infected elms. 
If the petiole and leaf traces represent "critical sites" involved 
in the induction of wilting in Dutch elm disease development, careful 
studies of these sites are needed from branches that exhibit various stages 
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of the disease. Since information on this subject appears to be lacking, 
this study was conducted. The principal objectives of this investigation 
were: 
(1) to determine the nature and extent of occurrence of vascular 
dysfunction within petiole and leaf traces of leaves from 
elm branches naturally infected with C^. ulmi on the light 
and ultrastructural levels; 
(2) to determine the extent of occurrence of vascular dysfunction 
within petiole and leaf traces of leaves from elm branches 
that were treated with a culture filtrate of an isolate of 
C^. ulmi on the light microscopy and electron microscopy 
levels ; 
(3) to determine similarities and/or differences in the ultra- 
structural level induced by the fungus in naturally 
infected and culture filtrate-treated elm twigs. 
CHAPTER II 
REVIEW OF LITERATURE 
Ceratocystis ulmi, a fungus that induces a wilt disease in species 
of Ulmus, is an endogenous pathogen that becomes established in the 
vessels of the current season's growth. The characteristic external 
symptoms induced in the host by the pathogen are yellowing, curling, and 
wilting of the leaves. 
Dutch elm disease is only one of the wilt diseases of higher plants. 
Vascular dysfunction induced either by the host in response to pathogen 
invasion or by the pathogen itself is noted to be similar in most of 
these wilt diseases. Other prominent wilt diseases are oak wilt, tobacco, 
hop, banana, grape, sweet potato, watermelon, and tomato wilt. In oak 
wilt, tylose and gum formation within vessels are extensive and thought 
to be the cause of wilting (Struckmeyer et al., 1954). Tyloses have 
also been implicated in the induction of wilting in the other diseases 
mentioned (Talboys, 1958; Esau, 1948; Beckman et al., 1962; Sleeth, 1933; 
McClure, 1950). The first report of tyloses within vessels of CL ulmi 
infected elms was that of Schwarz (1922). Since that time several other 
investigators have reported the presence of tyloses in elms with the 
Dutch elm disease (Wollenweber, 1927; Buisman, 1933; Clinton and McCormick, 
1936; Kerling, 1955; Beckman, 1958; Ouelette, 1962; Wilson, 1965; 
Tchernoff, 1965; MacDonald, 1970; Jones, 1971). 
Vessel collapse and distortion have also been reported to be criti¬ 
cal in the wilt disease syndrome. Corden and Chambers (1963) reported 
that vessel collapse and wall distortion in tomato cuttings treated with 
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culture filtrates of Fusarium oxysporum f. lycopersici played a significant 
role in the vascular dysfunction of this disease. Salters (1966) also ob¬ 
served vessel collapse and wall distortion within elm petiole and leaf traces 
treated with culture filtrates of (3. ulmi. 
Much literature on host responses associated with vascular diseases 
has been published. Some general reviews on this subject are those of 
Beckman (1964), Dimond (1955, 1967), Gaumann (1951), and Sadasivan (1961). 
Observations on xylem deterioration in naturally infected and culture 
filtrate-treated elm material require knowledge of the nodal anatomy of the 
genus Ulmus, for Dutch elm disease affects the vascular tissue of the 
petiole and leaf traces. Very few studies have provided such information. 
One of the first critical studies on nodal anatomy was that of Smithson 
(1954). In this study he reported that in Ulmus x hollandica Mill., three 
leaf traces were present with a median leaf trace being directly opposite 
the leaf, and two lateral traces, positioned opposite each other, about 90° 
from the median trace. The only other study appears to be that of 
Richardson (1964) and Richardson and Frederick (1964) . They made a compara¬ 
tive study of leaf trace and petiolar structure as well as leaf trace 
development in two species of elm. The elm species studied were U. americana 
and U. pumila. This study revealed similarities as well as differences in 
leaf trace and petiolar structure between the two species. Both species 
were reported to have three leaf traces. 
Richardson (1964) reported structural differences in leaf trace anatomy 
of the species that he studied. In U. americana, vessels in the early 
metaxylem were reported to be typically aligned in uniseriate rows, often 
becoming biseriate in the late metaxylem. Protoxylem contained greatly 
stretched, helically-thickened elements only, while the metaxylem usually 
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contained helical, reticulate, and scalariform-pitted vessels. A decrease 
in the number of vessels was reported in each leaf trace following its 
departure from the stele. 
Leaf traces of U. pumila differed from those of U. americana in 
pattern of xylem element differentiation and number of elements per leaf 
trace. Richardson (1964) reported that the protoxylem and the first 
metaxylem elements of U. pumila were similar in structure to those found 
in comparable regions of U. americana leaf traces. The last two or three 
elements in the metaxylem of U. pumila, however, were generally of the 
alternate, hexagonal, pitted type. These more specialized elements were 
rarely found in leaf traces and petioles or comparable places in IJ. americana. 
In contrast to the situation found in U. americana, there was no apparent 
decrease in the number of tracheary elements upon the departure of the leaf 
traces from the stele. A greater tendency towards biseriate rows of elements 
in the early metaxylem was also reported. 
The anatomical differences noted in the petioles of these two species 
were most pronounced (Richardson, 1964). In both species, rows of vessels 
in the protoxylem were initially uniseriate. In the metaxylem of U. 
americana, however, rows of vessels varied from 2 to 8 cells while in 
IJ. pumila these rows increased in width tangentially in the early metaxylem 
to form rows 3 to 5 elements wide. In the late metaxylem these rows were 8 
to 12 elements broad. 
Richardson (1964) also reported that the number of vessels in each 
radial line varied from 9 to 15 in IJ. americana and from 11 to 21 in U. 
pumila. These features in U. pumila when compared with similar features 
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in U. americana suggest that the water transport capacity of leaf lamina 
in U. pumila is greater than it is in IJ. americana. 
This suggestion of an anatomical basis for disease resistance re¬ 
ceived recent support from the studies of McNabb et^ al. (1970). They 
found marked differences in the secondary xylem anatomy among resistant and 
susceptible varieties of elms in the internodal region. They suggested that 
the greater number of large contiguous vessels results in greater distri¬ 
bution of the fungus within the susceptible host. 
In a more recent work by Sinclair et^ al. (1975) evidence is presented 
to further strengthen the theory that the general mechanism of resistance in 
elms is due to localization of infection. These authors cite as evidence 
for their theory: 
1) the inability to flush detectable numbers of propagules 
of C_. ulmi from the branches of resistant trees 2 to 6 
days after inoculation; 
2) fewer shoots become infected or develop symptoms on 
resistant trees; 
3) the substantial determination of final internal dis¬ 
tribution of Cb ulmi during the first 4 days after 
inoculation of resistant branches, but not susceptible 
branches; 
4) limited staining of xylem in transections of inoculated 
branches of resistant branches, compared with more general 
xylem browning in susceptible branches. 
In the works of Sinclair et al. (1975) and McNabb et al. (1970) , no inference 
was made on a possible correlation between vessel size and water capacity. 
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Dysfunction in the xylem of elms infected by CU ulmi is a fundamental 
aspect of the Dutch elm disease syndrome. Xylem alteration in Dutch elm 
disease involves tylose formation, wall breakdown, gum deposition, 
browning, and discoloration. External manifestations are represented by 
the wilting and yellowing of leaves. Death of the twig and tree ultimately 
results from these alterations. The induction of wilting and vascular 
dysfunction has been attributed to the physical presence of the fungus in 
the tissue. Others have attributed the induction of these symptoms to 
"toxins" formed by the fungus and dispersed in the sap stream of the host. 
Earlier studies by several workers (Buisman, 1933; Clinton and 
McCormick, 1936; Schwarz, 1922; Wollenweber, 1927) have noted vascular dis¬ 
coloration in elm wood. Schwarz (1922) noted that browning began in the 
"vascular bundles" and later spread to the other elements of the wood. On 
the other hand, Wollenweber (1927) indicated the primary area of browning 
to be the "large pit vasculars and vascular bundles clogged by resinous 
bulbs." Histological studies of infected stems revealed the presence of 
tyloses and gums in the vessels of the discolored wood (Clinton and McCormick, 
1936). Because of the presence of these occlusions in the vessels, earlier 
theories attributed leaf wilting to a mechanical blockage or plugging of the 
conducting tissue by either the hyphal strands of the pathogen or by tyloses 
and gums. Microscopic examination of diseased tissue by Clinton and 
McCormick failed to reveal mycelial strands in the lumina of the vessels 
abundant enough to cause a reduction in water supply. Consequently, other 
explanations have been sought to explain the wilting mechanism. 
The "toxin theory", as a possible explanation for wilting of leaves 
in diseased trees, was developed from work done by Howard (1941) on the 
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bleeding canker of hard maple, caused by Phytophthora cactorum. His 
study showed that a toxic substance elaborated by the fungus was the primary 
cause of canker development and foliage decline. 
According to Dimond et al. (1949), in 1928, Broekhuizen demonstrated 
that extracts of C. ulmi produced symptoms in elm cuttings that resembled 
natural infections. Since Broekhuizen had only a limited knowledge of the 
disease, he apparently did not associate the extracts with disease symptoms. 
Zentmyer (1942) found that a toxin, capable of producing symptoms 
characteristic of the Dutch elm disease, formed in liquid nutrient culture 
of the fungus and showed that toxic substances were present in the culture 
filtrates. This work has been confirmed and further elaborated by the work 
of Dimond et al. (1949), and Frederick and Howard (1951). These investi¬ 
gators have shown that when toxin was freed of fungal spores and mycelium 
by filtration, and healthy elm cuttings were exposed to it, symptoms 
typical of the elm disease occurred. 
Analyses of the toxin produced by Ch ulmi have been done by several 
workers (Rebel, 1969; Richards and Takai, 1973; Salemink et al., 1965; 
and Takai, 1974). Salemink et al. (1965) obtained a crude toxin by 
partial purification of culture filtrates of the fungus. They reported 
that 95% of the crude toxin was a glycopeptide and the remaining 5% was 
a carbohydrate. Rebel (1969) later reported that the glycopeptide component 
was heterogeneous. Richards and Takai (1973) and Takai (1974) reported a 
different toxin isolated from culture filtrates of C. ulmi. This toxin 
was described as being a high molecular weight carbohydrate which is in¬ 
soluble in water. The current state of thinking on the nature and role of 
toxin is that only small quantities of toxin are required to reduce the 
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conductance of the elm xylem. Van Alfen and Turner (1975) suggested that 
compounds of high molecular weight can act as toxins by interfering with 
the flow of water through the vascular system of elms, and predicted 
that if a pathogen is capable of producing even small amounts of such 
molecules in the tree, they would contribute to the observed wilting 
symptoms. 
Several theories have been proposed on possible mechanisms in which 
phytotoxins may cause wilting. These theories include disruption of 
membranes (Strobel and Hess, 1968); interference with stomatal regulation 
of transpiration (Turner and Parlange, 1970); reduction of flow through the 
stem by vascular plugging (Hodgson et al., 1949); and an increase in the 
viscosity of the xylem sap (Husian and Kelman, 1958). 
Theories regarding the wilting mechanisms in the vascular dysfunction 
of other wilting diseases vary also. Corden and Chambers (1963) suggested 
that vessel collapse was a major cause of vascular dysfunction in Fusarium 
wilt of tomato. The discoloration of the vessels of oak infected by 
Ceratocystis fagacearum Bretz, a fungus that produces symptoms similar to 
those of Ch ulmi in host tissue, has been credited to the presence of dark 
gums (Struckmeyer et al., 1954) . In Diospyros virginiana L^., infected by 
Cephalosporium diospyri Crandall, discoloration has been shown to be due 
to browning of the cytoplasm of xylem parenchyma. In the early stage of 
disease development, vessels and fibers showed no discoloration. Later, 
gums were shown to fill the lumen of the outer elements and intercellular 
spaces giving the wood the characteristic streaked appearance (Wilson, 1963). 
Salters (1966), and Salters and Frederick (1967) have investigated 
histological responses induced in the xylem of the leaf traces and petioles 
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of U. amerlcana by sterile culture filtrates of isolates of C_. ulmi. 
Earlier, Frederick (1950) had found vessel discoloration and incipient 
tylose formation in sections of leaf traces and petioles of culture 
filtrate-treated elm seedlings within 12 hours after exposure. Leaf wilt 
was evident in these cuttings within a period of 24 hours. No wilting 
was evident in the controls. Salters (1966) studied sections of American 
elm seedlings that were treated with sterile culture filtrates from 
isolates of C_. ulmi exhibiting various pathogenic capacities. He found 
that only the filtrates from the highly pathogenic isolates induced severe 
wilting in 24 hours. Examination of nodal sections from culture filtrate- 
treated material revealed partial blockage of vessel lumina as early as 
12 hours after the cuttings had been placed in culture. Within 48 hours, 
many of the vessels in transections from leaf traces and petioles of the 
elm seedlings inoculated with a highly pathogenic isolate were filled with 
occluding materials. 
The occluding materials noted by Salters (1966) were described as 
being in the nature of gels or gums, "granular particles," and tylose- 
like processes on the vessel wall. Tyloses were present but they did not 
represent a major occluding component. Critical observations of the wall 
surface and lumina of occluded vessels were also made by Salters in order 
to determine the relationship between the granular occluding substances 
and vessels and parenchyma discoloration. Vessels in freehand transections 
of leaf traces showed an abundance of granular particles and their abundance 
appeared to be correlated with the severity of leaf wilt. These granular 
substances at first appeared viscous, then later, as the diseased condition 
progressed, they assumed a granular appearance and often completely occluded 
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vessel lumina. These substances were most often found adhering to the 
surfaces of the annular and spirally-thickened vessel wall surfaces. 
The association of gums and gels with vascular diseases has been 
acknowledged in a wide variety of host plants infected by pathogens that 
cause wilt diseases (Melhus at al., 1924; Betancount at al., 1943, Esau, 
1948; Ludwig, 1952; Struckmeyer et al., 1954; Beckman et al., 1962). Ac¬ 
cording to many investigators the gums could originate from the alteration 
of cell wall components, especially those of a pectic nature (Ludwig, 1952; 
Gothoskar et al., 1953; Scheffer and Walker, 1953; Winstead and Walker, 1954; 
Dimond, 1955; Pierson et^ al., 1955; Waggoner and Dimond, 1955; Scheffer et 
al. , 1956; Gagnon, 1967). In addition, Butler (1911) suggested that gum- 
mosis in citrus and stone fruits resulted from dissolution of the middle 
lamella and primary cell wall. According to Dimond (1955) the brown dis¬ 
coloration and granular appearance of the gum itself might be due to the 
oxidation and formation of polymerized phenols that form melanoid substances 
when they combine with proteins and become trapped as gums in vessels. 
Studies on the chemical nature of toxic compounds, presumably 
produced by CL ulmi, suggest that the toxic substance may be a glycoprotein 
(Salemink et al., 1965; Rebel, 1969). A purified form of this glycoprotein 
induced gums and tyloses similar to those found in elm stems after inocu¬ 
lation with C^. ulmi spores. This toxic substance was thermostable and 
was without pectinase or cellulase activity. Their findings differed with 
those reports that suggested that pectic enzymes produced by the pathogen 
were the primary cause of gummosis (Beckman, 1956). 
Several other anatomical studies on infected elms should be mentioned 
at this point. Benedict (1969) compared transections of uninfected, 
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infected-symptomless, and infected tissue of American elm. These tran- 
sections were stained with methyl green-pyronine B and periodic acid-Schiff's 
reagent. Transections of naturally infected symptomless elm branches, when 
compared with the controls, showed a well differentiated phloem made up 
largely of fibers and smaller sieve elements. An active cambial zone four- 
to-five cells wide separated the fiber-filled phloem from a layer of 
fiber-filled xylem. All of the xylem vessels appeared to be thick-walled, 
in radial bands one or two cells wide, and smaller in diameter than vessels 
in the uninfected trees. Xylem parenchyma cells were sparse between the 
vessel elements. 
On the other hand, transections of naturally infected elm branches, 
that were stunted in early growth, had no trichomes formed in the epidermal 
layer. They also had an ill-defined, already-inactive cambium, a fiber-filled 
phloem, and a xylem with fibers and vessel elements only slightly enlarged. 
Extensive histological studies on American elm, young and old, 
artificially or naturally inoculated with J2. ulmi, were conducted by 
Pomerleau (1970). According to him, spores and hyphae of C_. ulmi were 
contained only in the vessels and that all fungal elements in culture or 
occurring in naturally-infected trees were 1.0 micron or more in diameter. 
He attributed those hyphae and spores that were observed in fibers and 
parenchyma cells in dead wood or close to a dead area of the stem as being 
fungi other than C^. ulmi. He also reported that double-bordered pits or 
the thin primary wall between secondary thickenings is the only means of 
passage of the fungus from one vessel to another. He further stated that 
clusters of spores and hyphae, often found in vessels of all types and 
sizes, did not alone explain leaf wilting. 
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MacHardy and Beckman (1974), studying the cause and nature of 
cavities in infected shoots and nodes and the relationship between nodal 
cavitation and foliar wilt development, found that cavitation occurred 
naturally in thin-walled pith parenchyma tissue that was very sensitive 
to drying conditions. Cavitation was also induced experimentally by in¬ 
fection with C_. ulmi, by desiccation, and by exposure to enzymes produced 
in vitro by Ch ulmi isolates followed by drying. These authors also found 
that nodal cavitation was not essential to foliar wilting. Cavitated 
shoot nodes were never noted prior to foliar wilting, and shoots bearing 
wilted leaves did not always have "pocketed" nodes. Vessels bordering 
cavities remained functional. The presence within vessel elements of a 
culture-filtrate containing hydrolyzing enzymes did not interfere with 
dye movement into leaves. 
MacHardy and Beckman (1973) determined changes in transpiration and 
water transport as related to the appearance of foliar wilt and chlorosis 
after inoculation of American elm trees with conidia of £. ulmi. These 
authors concluded that the cause of foliar wilt and chlorosis in Dutch elm 
disease is due to a reduction in the amount of water transported to the 
leaves. The appearance of foliar symptoms followed or accompanied a 
reduction in water loss. At no time was an increase in water loss asso¬ 
ciated with symptom development in infected branches, either during dark or 
illuminated periods. 
A study by Roberts (1966) considered the differences in transpira- 
tional rates of artificially inoculated U. americana and U. pumila. The 
transpiration rate in both increased 10 percent the week after inoculation, 
but after four weeks the transpiration rate of U. americana dropped to 
14 
21 percent of the controls. U. pumila decreased to 85 percent of the 
controls after four weeks. On the other hand, MacHardy and Beckman (1973) 
did not note such increase in the transpiration rate of U_. americana seedlings 
during the first week after inoculation with C_. ulmi isolates. These authors 
further stated that the nodes of leaves, green shoots, and 1-year-old twigs 
were the sites where radioactive C_. ulmi spores have been found to accumu¬ 
late soon after inoculation. 
MacHardy and Beckman (1973) also observed vascular dysfunction in the 
main stem and larger branches of elms, but stated that dysfunction in these 
areas was not a decisive factor contributing to initial foliar wilt. 
According to these authors, blockage in the main stem and large branches 
apparently did not cause symptoms because a considerable number of inter¬ 
connections provided many alternate channels of flow. They concluded that 
blockage of tracheary elements in twigs and green shoots was more "critical" 
than in larger branches because there are fewer alternate channels in 
these elements. 
Few studies on the Dutch elm disease problem have been made at the 
ultrastructural level. MacDonald (1970) studied internal host responses to 
C^. ulmi during the first two weeks in artificially inoculated species of 
elms. The field-grown trees that were selected varied in susceptibility to 
Dutch elm disease. Species used in these experiments were Ulmus americana, 
U. pumila var. Chinkota, and U. carpinifolia Gleb. "Christine Buisman". 
The progression of host-pathogen responses was quite similar within 
each of the selections studied. The characteristic host reaction of the 
tissue was observed always to be associated with the presence of C^. ulmi. 
Host responses occurring in the vicinity of a single vessel or groups of 
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vessels that contained conidia formed a reactive zone. More xylem tissue 
in U. americana reacted to Ch ulmi and this reactive zone was correlated 
with a larger number of vessels that contained the fungus. The development 
of tyloses, accumulation of phenolic compounds, and fungal growth were 
associated with the reactive zone. 
Continuing the study previously made by MacDonald (1970), Jones (1971) 
made light and electron microscopy observations on host tissue deterioration 
in IJ. americana and U. carpinifolia that were artificially inoculated with 
Ch ulmi. Similar host responses were noted in the susceptible U. americana 
and resistant U. carpinifolia Gleb. "Christine Buisman" species. However, 
the apparent sequence of deterioration of cell organelles, the production of 
gums, and the formation of tyloses were more noticeable in U. americana. 
The latter two characteristics were fewer in the Buisman elm because of the 
localization of host reaction in this selection. 
Czaninski et^ al. (1975), studying the ultrastructure of the xylem of 
elm infected by C_. ulmi, observed the accumulation of gum-like substances 
that appeared to originate from the pit membranes of the infected vessels. 
Tyloses also developed in these vessels, but their cytoplasm was not altered. 
These workers also noted severe distortion of the organelles within the xylem 
parenchyma associated with diseased vessels. In these xylem parenchyma 
cells, the mitochondria multiplied, endoplasmic reticula were expanded and 
irregular, and the dictyosomes were numerous and very active in forming 
vesicles. The polysaccharides that are produced in the xylem parenchyma 
cells, are formed in intracytoplasmic vesicles and accumulate in spaces 
between the plasmalemma and cell wall. Based on the observations in Ch 
ulmi infected elm tissue as well as similar observations of Phialophora 
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cinerscens-infected carnations, these authors suggest that the accumulated 
polysaccharides in this space move through the walls of pits into vessels 
and became gummy deposits. These authors therefore concluded that both 
the middle lamella and xylem parenchyma cells also contribute equally to 
the elaboration of gums which play an important role in the protection of 
vessels against fungal invasion. 
CHAPTER III 
MATERIALS AND METHODS 
During the spring and summer of 1972, branches with leaves that were 
slightly or severely wilted were collected from ten different elm trees in 
the vicinity of the Atlanta University campus. Nine of these trees were 
Ulmus alata and one was Ulmus americana (Figs. 1, 2). Diseased branches 
were carried to the laboratory; their ends were recut under water to restore 
continuity of water columns in the stems, and nodal and petiolar segments 
were subsequently removed. Sections were taken from leaves exhibiting 
different stages of wilting and these sections were placed in a petri 
dish containing a phosphate buffer (Lillie, 1954). Petiolar segments 
were further subdivided into lengths of 1-2 mm. These segments were then 
quartered, and trimmed so that most of the extraxylary zones was removed. 
Nodal sections were prepared in a similar manner, except that these 
sections were trimmed and quartered in order to excise the median leaf 
trace only for fixation for later study. 
Longitudinal sections of petiole and nodal segments were also prepared. 
Segments from stems and petioles were placed in the buffer and split 
lengthwise into two halves. Each half was subsequently cut into shorter 
segments, 3-4 mm long, and these pieces were removed from the buffer for 
fixation, dehydration, infiltration, and embedding. 
Sections were fixed by placing them, after removal from the buffer, 
in vials of either 3% glutaraldehyde solution, 1:1 with phosphate buffer, 
for 1-2 hr at 4 C or in 2% aqueous osmium tetroxide solution, 1:1 with 
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Fig. 1. Severely diseased American elm, approximately 3 months 
after disease symptoms were first noticed. 
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Fig. 2. Branches on severely diseased American elm showing different 
stages of disease development. 
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buffer, after three 15-min washes with the phosphate buffer. The procedures 
followed for dehydration, infiltration, and embedding are outlined in 
Appendix A. 
To verify the presence of the fungus, Ceratocystis ulmi, within the 
branches that were collected, 5-7 inch sections of the branches were dipped 
in 70% ethyl alcohol and flamed. The bark was subsequently stripped from 
the branch and chips of the exposed wood were removed, placed in petri 
plates containing potato dextrose agar (PDA), and incubated at 26 C. After 
3-5 days, coremia were observed on the wood chips. Within 10 days, the 
fungus formed a mycelial mat on the medium and its cultural characteristics 
were determined. Microscopic examination of spores and other morphologic 
features revealed that the characteristics were typical for Ch ulmi. A 
positive identification of the pathogen was therefore made. 
In order to determine pathogenic differences between isolates and in 
order to obtain filtrates of cultures of each isolate, 500 ml Erlenmeyer 
flasks containing 250 ml of a liquid synthetic nutrient medium were inocu¬ 
lated with uniform-sized plugs from five-day-old PDA cultures of the 10 
respective isolates. The medium components and amounts per liter were as 
follows: yeast extract, 2.0 g; KH^PO^, 1.5 g; MgS04.711^0, 1.0 g; glucose, 
25 g; L-asparagine, 2.0 g; FeCl^, 10 mg. Inoculated flasks were placed on 
a shake machine set at 300 rpm and incubated for seven days at 26 C. A 
flask containing sterile medium served as the control. 
At the end of the seven-day period, all inoculated flasks appeared 
turbid, an indication that growth of (D. ulmi had occurred in the medium. 
The medium from each flask was centrifuged at 5,000 rpm for 15 min to 
remove the mycelia and spores. The supernatant was decanted and passed 
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through a sterile millipore filter of ultra-fine porosity. To check the 
sterility of the filtrate, drops were aseptically removed from the con¬ 
tainer and were placed on sterile PDA plates. All plates remained sterile 
after the transfer of drops of the filtrate. 
Ten milliliter aliquots of each of the 10 culture filtrates were 
placed in 5 ml vials. Uniform-sized cuttings were removed from two-year- 
old U. americana seedlings and were recut obliquely under water with a 
sharp razor blade. After momentarily allowing pressure differences to 
become adjusted each cutting was removed from the water and its base 
quickly placed in a vial containing the filtrate or sterile liquid 
synthetic medium (LSM) . For each isolate four vials containing a culture 
filtrate of that isolate were used. Four vials containing sterile LSM 
were also used as controls. These vials were placed in a growth chamber 
programmed for 16 hr light and 8 hr dark at 26 C. The light intensity was 
unknown, but the humidity was approximately 80%. 
After 24 hr, wilting was observed in the cutting that had been placed 
in the culture filtrate of one of the isolates of C^. ulmi, namely, GA-32. 
This isolate was obtained from a severely diseased American elm in the campus 
vicinity. The isolate produces concentric rings of powdery beige mycelia 
and yeast-like spores. No sectoring of the mycelia occurs in this isolate 
(Fig. 3). 
Wilting was evident after 48 hr in the culture filtrates of all iso¬ 
lates. However, the most severe wilting was induced in the cuttings that 
were placed in a culture filtrate of isolate GA-32 (Fig. 4). On the basis 
of these observations, the culture filtrate of isolate GA-32 was determined 
to induce the greatest amount of wilting and this isolate was regarded as 
Fig. 3. An isolate of C^. ulmi, GA-32, obtained from infected 
American elm in campus vicinity. 
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Fig. 4. Cuttings from uninfected American elm showing typical 
Dutch elm disease symptoms after taking up sterile 
culture filtrate from shake culture of Isolate GA-32. 
Cutting designated control was placed in sterile 
liquid synthetic medium (LSM). 
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the most aggressive of the 10 isolates of CL ulmi tested. Not only did 
isolate GA-32 induce the most severe wilting in the elm cuttings, but the 
elm tree from which this isolate was obtained died within 4 months after 
disease symptoms first appeared. Since this isolate appeared to be the 
most aggressive, all observations on anatomical changes induced by CL ulmi 
in elm petiole and leaf traces were based on either naturally infected 
branches or elm cuttings that were placed in a culture filtrate of this 
isolate. 
Materials for ultrastructural studies on vascular dysfunction in 
petioles and leaf traces from culture filtrate-treated cuttings were pre¬ 
pared in the same manner as previously described for the naturally infected 
material. 
Light microscopic observations were made by preparing sections 1-2 
micrometers thick of Spurr-embedded materials. Spurr-embedded specimen 
blocks were trimmed and sectioned with glass knives on a Sorvall M-2 or 
Reichert 0m-U2 ultramicrotome. The glass knives were modified by using 
electrical tape and paraffin to provide a water surface upon which to 
collect the sections. The sections were picked up with an "eye-lash" 
microtool and collected on a slide in a drop of distilled water. The slide 
was heated on a slide warmer to speed drying. Sections were stained 
either with aqueous safranin or methylene blue, and mounted permanently 
in Kleermount for further study. Light microscopie observations as well 
as photomicrographs were made with a Zeiss or Wild M-20 photomicroscope. 
Kodak Plus-X or Kodak photomicrography monochrome film SO 410 was used 
for pictures. 
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For ultrastructural studies, Spurr-embedded specimen blocks were 
sectioned with a Dupont Diamond knife on a Sorvall M-2, LKB ultramicro¬ 
tome III, or a Reichert 0m-U2 ultramicrotome. The sections were cut at 
600 A as indicated by diffraction colors. Sections were picked up on 
100-150 mesh copper grids coated with collodion, and were stained with 
uranyl acetate (Watson, 1958) and lead citrate (Reynolds, 1963). 
Specimens were observed on a RCA EMU-4 or a Zeiss 9S electron 
microscope at 50 kv. Direct magnifications of approximately 1,400-5,600 
were photographed on 3 1/2" x 4" Kodak projector plates on the RCA EMU-4 
electron microscope. These plates were developed with Dektol. For the 
Zeiss electron microscope, direct magnifications of approximately 1,500 to 
8,100 were photographed on 7 cm x 7 cm Agfa film. The film was developed 
in Kodak D-19 developer. All negatives were printed on Kodak Kodabromide 




Unstained, freehand transactions of petiole and leaf traces from 
uninfected branches were compared with similar transections from severely 
diseased branches. The vessel wall surfaces within the petiole and leaf 
traces of uninfected branches were smooth and revealed no occlusions 
within the vessel lumina (Figs. 5, 6). In contrast, vessel lumina of 
petiole and leaf traces from severely diseased branches were totally oc¬ 
cluded with gum-like masses (Figs. 7, 8). 
Observations from the freehand, unembedded transections were compared 
with those obtained from similar specimens embedded in Spurr's medium and 
sectioned at l-2<|m. Petiole and leaf trace transections from uninfected 
twigs are shown in Figs. 9, 10. Vessel walls in these sections were 
similar in appearance to those observed in the freehand transections of 
uninfected material. Inner wall surfaces were smooth, vessel lumina were 
unobstructed, and there was no evidence of any type of vascular dysfunction. 
These sections were compared with comparable transections taken from twigs 
that exhibited slight to moderate wilting symptoms. The differences 
manifested by the two types of materials were striking. Vessel lumina of 
the petiolar and leaf traces from the slightly wilted twigs were occluded 
with granular or gum-like substances (Figs. 11-13, 16). Furthermore, as 
shown in Fig. 12, vessel wall surfaces were roughened and appeared to have 










































Fig. 5 Freehand transections of leaf-trace from uninfected U 
americana. Note smoothness of inner surface of 
vessel walls. X700. 
Fig. 6. Freehand transection of petiolar trace from uninfected 
U. americana. Note smoothness of inner surface of 
vessel walls. X950 
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Fig. 7. Freehand transection of leaf trace from node on branch 
exhibiting advanced disease symptoms. Leaves on twigs 
were strongly wilted. Note dark, gum-like material in 
vessel lumina (arrows). X1200. 
Fig. 8. Fully occluded vessels in freehand transection of peti- 
olar trace from leaf on branch exhibiting advanced 
disease symptoms. Leaves on twigs were strongly wilted. 
X3600. 
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Fig. 9. Spurr's-embedded transection, 1-2 pm, of leaf-trace 
from uninfected leaf of U. americana. Cells filled 
with contents are parenchyma. X700. 
Fig. 10. Spurr's-embedded transection, 1-2 pm, of petiolar 
trace from uninfected leaf of U. americana. X700. 
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Fig. 11. Spurr’s-embedded transection, 1-2^ m thick, of petiole 
trace from a leaf on a branch exhibiting few disease 
symptoms. Leaves on twigs were slightly wilted. Note 
the complete occlusion of the vessel with a granular 
material (B) as well as a gum-like material (A). X1375. 
Fig. 12. Spurr's-embedded transection, 1-2/im thick, of petiole 
trace from a leaf on a branch exhibiting few disease 
symptoms. Leaves on twigs were slightly wilted. Note 
the deterioration of the vessel wall (A). In another 
vessel, the granular material in the lumen of the vessel 
appears to originate from the vessel wall (B). X1375. 
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Fig. 13. Spurr's-embedded transection, l-2/4m thick, of petiole 
from leaf on branch exhibiting few disease symptoms. 
Leaves on twigs were slightly wilted. Note the darkened 
intertracheary pit membrane adjacent to infected vessels 
(A, B) when compared to uninfected vessels (C). Note 
also the accumulation of gum-like materials along the 
vessel walls (arrows). X800. 
Fig. 14. Spurr's-embedded transection, 1-2/^m thick, of petiole 
from leaf on branch exhibiting few disease symptoms. 
Leaves on twigs were slightly wilted. Note the tylose- 
like formation in the vessel (arrow). X560. 
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Fig. 15. Spurr's-embedded transection, 1-2/4 m thick, of leaf trace 
on branch exhibiting few disease symptoms. Leaves on 
twigs were slightly wilted. Note the tylose-like body 
that occludes the vessel lumen. X800. 
Fig. 16. Spurr's-embedded transection, l-2/4m thick, of leaf trace 
on branch exhibiting few disease symptoms. Leaves on 
twigs were slightly wilted. Note the occlusion of the 
vessels with a granular material. Note also the general 
vascular dysfunction of the section. X560. 
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deterioration or from other sources, accumulated along the vessel wall or 
completely occluded the lumina (Figs. 11, 13). In some instances tylose- 
like bodies were also noted within the petiole and leaf trace vessel lumina 
(Figs. 14, 15). 
In the infected material pit membranes between vessels were noted 
to be distinctly darker than those between vessels of uninfected material 
(Fig. 13). The vascular dysfunction noted in leaf and petiole traces from 
slightly wilted twigs were found in some but not all of the tracheary 
elements in a section. These affected elements were scattered throughout the 
traces (Figs. 11-16). Occasionally, however, transections revealed general 
vascular dysfunction throughout the leaf or petiole trace (Fig. 16). 
Sections of Spurr-embedded petiole and leaf trace transections from 
severely diseased elm branches revealed dysfunctions similar to those taken 
from elm branches that exhibited less severe symptoms. For example, common 
in the severely diseased material were granular and gum-like materials 
occluded vessel lumina, deteriorated vessel wall surfaces and xylem 
parenchyma cells, and darkened intertracheary pit membranes (Figs. 17-24). 
By comparison, no dysfunction was evident in vessels in leaf and petiole 
traces from uninfected branches (Figs. 9, 10) and dysfunction features 
were much less intense and not as widespread in similar sections from 
branches that were slightly wilted (Figs. 11-16). 
An examination of petiole traces in leaves from severely diseased 
branches revealed that xylem parenchyma cells were completely deteriorated. 
Cytoplasm in these traces were disorganized and some appeared to have been 
extruded as granular masses into lumina of adjacent vessels (Fig. 18). 
Fig. 17. Spurr's-embedded transection, 1-2JJ m thick, of petiole 
from leaf on branch exhibiting advanced disease symptoms. 
Leaves on twigs were strongly wilted. Note over-all 
general vascular dysfunction throughout the tissue. X460. 
Fig. 18. Spurr's-embedded transection, 1-2H m thick, of leaf 
trace from leaf on branch exhibiting advanced disease 
symptoms. Leaves on twigs were strongly wilted. Note 
partially occluded vessels (arrows), totally occluded 
vessel (A), and vessel containing bubble-like forma¬ 
tions (B) within one leaf trace. X560. 
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Fig. 19. Spurr's-embedded transection, 1-2/J, m thick, of leaf trace 
from leaf on branch exhibiting advanced disease symptoms. 
Leaves on twigs were strongly wilted. Note the general 
vascular dysfunction in this section such as the occlusion 
of tylose-like bodies and gum-like process in vessel 
lumina (A, B) as well as vessel wall breakdown (C). X460. 
Fig. 20. Spurr's-embedded transection, 1-2/1 m thick, of petiole 
trace on branch exhibiting advanced disease symptoms. 
Leaves on twigs were strongly wilted. Note the bubble¬ 
like processes in vessel lumen. X3600. 
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Fig. 21. Spurr's-embedded transection, l-^m thick, of leaf trace 
from leaf on branch exhibiting advanced disease symptoms. 
Leaves on twigs were strongly wilted. Note the general 
vascular dysfunction of the sections. At this magnifica¬ 
tion the vessel lumina appear to be occluded with gum-like 
masses. X760. 
Fig. 22. Enlargement of two vessels from Fig. 25. At this magni¬ 
fication, the gum-like masses appear to be either a 
collapsed tylose-like process (A) or an expanded tylose- 
like process (B). X1200. 
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Fig. 23. Spurr's-embedded transection, 1-2^/ m thick, of a vessel 
from a leaf trace on branch exhibiting advanced disease 
symptoms. Leaves on twigs were strongly wilted. Note 
the breakdown of the vessel wall into granular materials 
(arrow). X3600. 
Fig. 24. Spurr's-embedded transection, 1-2/^m thick, of a petiole 
trace on branch exhibiting advanced disease symptoms. 
Leaves on twigs were strongly wilted. Note the accumula¬ 
tion of the spores in the vessel lumina. X1200. 
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Such granular occlusions were common in vessels of petiole and leaf traces 
from leaves of severely diseased branches (Figs. 17, 18). 
Another distinct dysfunction noted in vessels of leaf and petiole 
traces from severely diseased branches were bubble-like structures that 
were present either within the vessel lumina (Fig. 18) or along the 
vessel wall (Fig. 20). Associated with those structures was other 
occluding material of a granular nature (Fig. 18). Occasionally, spores 
were observed in vessel lumina of some traces (Fig. 24). 
In order to obtain additional information on the histopathology of 
the Dutch elm disease syndrome in leaf and petiolar traces, longitudinal 
sections were prepared of uninfected and severely diseased material. The 
appearance of the wall surface in vessels from uninfected material was 
similar to that noted in transections of similar material. Wall surfaces 
were smooth and there was no evidence of occlusions or other dysfunctions 
(Figs. 25, 26). Vessels from diseased branches exhibited considerable 
dysfunction, however. Occluding material was prominent, and the bubble¬ 
like structures previously described were common on vessel walls. These 
formations appeared to represent protrusions from intervessel pits (Figs. 27- 
29). Some of these structures were noted to be detached and free within 
the vessel lumina (Fig. 27). 
Dark, gum-like masses were observed in longitudinal sections of 
vessels of leaf and petiole traces of naturally infected elm branches at 
various stages of disease development. Comparable masses were also noted in 
sections of similar material taken from elm cuttings that had been treated 
with sterile filtrates from shake cultures of isolates of C. ulmi. As 
mentioned previously, ends of uniform size cuttings, taken from 2-3 year old 
Fig. 25. Spurr*s-embedded partial longitudinal section, l-^fcl m 
thick, of uninfected leaf trace from U. americana. 
X1252. 
Fig. 26. Spurr's-embedded partial longitudinal section, 1-2/jlm 
of uninfected petiole from U. americana. X800. 
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Fig. 27. Spurr's-embedded partial longitudinal section, 1-2/^m 
thick, of leaf trace from leaf on branch exhibiting 
advanced disease symptoms. Leaves on twigs were strongly 
wilted. The lumen of the vessel contains bubble-like 
formations, which seem to originate from the vessel wall. 
X700. 
Fig. 28. Spurr's-embedded partial longitudinal section 1-2/4m 
thick, of leaf trace from leaf on branch exhibiting 
advanced disease symptoms. Leaves on twigs were strongly 
wilted. The lumen of this vessel contains a small, 
bubble-like, formation as well as granular materials 
(arrows). X1950. 
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Fig. 29. Spurr's-embedded partial longitudinal section, 1-2/4m 
thick, of a petiole trace from leaf on branch exhibiting 
advanced disease symptoms. Leaves on twigs were strongly 
wilted. Note that the three vessels are occluded with a 
bubble-like process (A), granular materials (A, B), and 
gum-like material (C). X560. 
Fig. 30. Spurr's-embedded partial longitudinal section, 1-2/f m 
thick, of a petiole trace from a twig that was placed in a 
culture filtrate of Isolate GA-32 for 48 hr. Note that 
the gum-like masses begin as small protrusions from the 




greenhouse grown elms, were immersed in sterile culture filtrates and 
treated for 48 hr. At the end of this treatment nodal and petiolar seg¬ 
ments were removed and prepared for light and EM observations. In 
longitudinal sections gum-like masses similar to those noted in infected 
material were present in vessel lumina. These masses appeared as dark 
protrusions which projected into the lumen of the vessel. Fragments of 
these structures were noted in the vessel lumen where they aggregated to 
completely occlude the vessel (Fig. 30). 
Electron Microscopy 
Naturally infected, uninfected, and culture filtrate-treated elm 
material, similar to that observed under light microscopy, has also been 
observed under transmission electron microscopy (TEM). These observations 
at the ultrastructural level, have provided much more definitive informa¬ 
tion on the nature, structure, and development of dysfunction associated 
with the Dutch elm disease. EM micrographs of longitudinal sections of 
petiole traces from naturally infected branches exhibiting moderate 
disease symptoms are shown in Figs. 35, 36. When these sections are 
compared with similar ones from uninfected branches (Fig. 33) clear 
differences are noted. Vessel lumina from the diseased material contain 
an accumulation of gum-like materials, pit membranes are altered, and 
protrusions occur along the vessel wall. Vessel lumina of uninfected 
material exhibited no dysfunctions. These vessels are free of occlusions 
and the walls are smooth (Fig. 33). These gum-like masses contained in 
vessels in leaf traces from moderately infected branches formed either 
ring-like masses in vessel lumina (Fig. 34) or a uniformly thin band 
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along the vessel wall surface (Fig. 35). Pit membranes of vessels were 
noted to deteriorate, darken, and gum-like material accumulated along 
their surfaces (Figs. 34, 35). In one instance, an unusual protrusion 
was found projecting from the vessel wall surface into the vessel lumen 
(Fig. 36). 
Vessel wall degradation and the accumulation of granular materials 
were also noted in transections of leaf traces from moderately diseased 
branches (Figs. 37, 38). By contrast, vessel walls of comparable 
sections from uninfected branches were unaltered (Fig. 31). Similar 
vessel dysfunctions were noted also in longitudinal sections of petiole 
traces from naturally infected material (Figs. 34, 35, 38). More exten¬ 
sive vascular dysfunction was found in petiole and leaf trace transections 
and longitudinal sections from branches exhibiting advanced stages of 
disease development (Figs. 40-62). The general nature of the vascular 
dysfunction noted in this material was similar to that noted in similar 
tissue from branches exhibiting moderate disease symptoms, except that 
the degree of dysfunction was much more severe and more vessels were 
affected. For example, when vessels from petiole and leaf trace 
transections of Figs. 40-62 are compared with vessels from similar tran¬ 
sections in Figs. 35, 36 from a moderately diseased branch, more vessel 
occlusions and a larger area of affected xylem elements may be noted. 
When the appearance and distribution of gum-like materials in the 
vessels of leaves from severely wilted branches are compared with similar 
material from branches exhibiting slight wilting, it was noted that these 
materials formed a thick, irregular, mass within the vessel lumina in 
the former (Figs. 41, 51, 56) instead of the ring-like mass or uniformly 
Fig. 31. Transection of part of leaf trace from uninfected U. 
americana. Transection of part of a petiole trace was 
quite similar. X3,000. 
Fig. 32. Longitudinal section of part of a vessel from petiole 
trace of uninfected tJ. americana. Longitudinal section 
part of a leaf trace was quite similar. Note that the 
lumen is free and the vessel walls are smooth. X8,000. 
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Fig. 33. Longitudinal section of a vessel of a petiole trace from 
uninfected U. americana. Longitudinal section of a vessel 
from a leaf trace was quite similar. Note that the lumen 
of the vessel is free and the vessel wall is smooth. X4,500. 
Fig. 34. Longitudinal section of vessel from petiole of slightly- 
wilted leaf. Note the accumulation of the gum-like mass 
in the vessel which has formed a ring (B) and the darkened 
pit membrane (A). X5,400. 
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Fig. 35. Longitudinal section of vessel wall from petiole of 
branch exhibiting slight disease conditions. Leaves were 
slightly wilted. Note the accumulation of the uniformly 
sized gum-like material along the vessel wall (A) and the 
deterioration of the pits of the wall (B). X4,000. 
Fig. 36. Section of vessel from petiole of slightly wilted leaf. 
Note the protrusion of the vessel wall that appears to 
be an expansion of the vessel wall (arrow). X4,000. 
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Note Fig. 37. Transection of petiole from slightly wilted leaf. 
the deterioration of the bordered pit (A) and the slight 
deterioration along the vessel wall (B). X2,000. 
Fig. 38. Transection of vessel in petiole from slightly wilted 
leaf. Note the accumulation of granular materials in 
the vessel lumina. X3,560. 
48 
Fig. 39. Transection of vessel in leaf trace from slightly wilted 
branch. Note the deterioration of the middle lamella 
between the xylem parenchyma cell and adjacent vessel (A). 
Note also the granular material in the lumen of the 
vessel (B). X4,500. 
Fig. 40. Transection of a vessel from petiole of severely wilted 
leaf. The middle lamella has totally collapsed (A), and 
the degraded material has accumulated within the vessel (B). 
X7,200. 
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Fig. 43. Longitudinal section of part of vessel in petiole from 
severely wilted leaf. Leaves were severely wilted. 
Granular material has completely occluded the vessel (A); 
the pit membrane between adjacent vessels is darkened (B); 
the adjacent vessel wall has begun to deteriorate (C); 
while the vessel-parenchyma pit membrane has not deteriorated 
(D). X7,200. 
Fig. 44. Transection of vessel in a leaf trace from a branch with 
severely wilted leaves. Note the accumulation of granular 
material in the vessel, which appears to originate from 








Fig. 45. Transection of pit membrane between bordered pits of 
vessels in petiole from severely wilted leaf. Note 
the breakdown of the pit membrane into granular 
material. X10,000. 
Fig. 46. Section through pit membrane between vessels in petiole 
from severely wilted leaf. Note the stages of 
deterioration of the middle lamella (arrows). X5,600. 
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Fig. 47. Section of vessel in petiole from branch with severely wilted 
leaves. Note the degraded vessel wall surface (A) as well as 
the deteriorated xylem parenchyma cell adjacent to 
the vessel (B). X8,000. 
Fig. 48. Longitudinal section of walls adjacent to vessels from 
leaf trace of severely diseased branch. Degradation of 
wall surfaces is shown. X3,600. 
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Fig. 49. Transection through part of leaf trace from severely- 
diseased branch in which there is complete deterioration 
of the xylem parenchyma cells. The only recognizable 
organelle is the starch grain (arrow). Note also the 
deteriorated vessel wall in which gum-like material, 
that probably originated from an adjacent xylem 
parenchyma cell, has accumulated (A). X3,600. 
Fig. 50. Transection of parenchyma cells in petiole trace from 
severely wilted branch. Protoplasts of cells appear to 
be continuous through break in wall. Significance of 
this feature is not understood. X10,350. 
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Fig. 51. Transection of vessels in petiole trace from severely 
wilted branch. Note what appears to be the passing of 
gum-like materials from one vessel to another. X3,240. 
Fig. 52. Transection of bordered pit of vessel in leaf trace from 
severely wilted branch. The pit membrane appears to be 
breaking down into granular material that accumulates 
into adjacent vessel (arrow). Xll,250. 
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Fig. 53. Transection of vessels in petiole from leaf of severely 
wilted branch. The vessel walls of two adjacent vessels 
appear to be breaking down into granular material that 
accumulates within lumina of the vessels (arrow). X7,200. 
Fig. 54. Transection of a vessel in petiole of leaf from severely 
wilted branch occluded with a tylose-like body. The mass 
appears to have cytoplasmic organelles such as a cell 




Fig. 41. Transection of a vessel in leaf trace from severely wilted 
branch. The gum-like mass in the lumen of the vessel seems 
to have originated from the xylem parenchyma cell. Note 
also the darkened intertracheary pit membrane and deteriora¬ 
ted xylem parenchyma cells. X5,400. 
Fig. 42. Transection of vessels in petiole from severely wilted 
leaf. Granular material has completely occluded the 
lumina of the vessels (arrows). X4,450. 
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Fig. 55. Transection of vessel in leaf trace from severely wilted 
branch. Note the tylose-like body from the xylem parenchyma 
cell into the adjacent vessel (arrow). X10,080. 
Fig. 56. Transection of vessels in leaf trace from severely wilted 
branch. Note that each vessel is completely occluded 
with either a gum-like mass, tylose-like body, or granular 
material. The granular materials appear to originate from 
the degradation of the middle lamella. X12,000. 
57 
Fig. 57. Longitudinal section of vessels in petiole from severely- 
wilted leaf. Note the accumulation of granular material 
within the lumina of vessels as well as between the 
bordered pits. X6,000. 
Fig. 58. Transection of vessel in leaf trace of severely wilted 
branch. Note the deterioration of pit membrane (A) 
and vessel wall surface (B) into a gum-like material 
which accumulates in vessel lumen where hyphal bodies 
are also present (arrow). X3,600. 
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Fig. 59. Transection of vessel in leaf trace of severely wilted 
branch. Note the penetration of the hypha through the 
bordered pits, and one appears to be penetrating the 
pit membrane. X10,810. 
Fig. 60. Transection of part of vessel in petiole trace from 
severely wilted branch. Note the penetration of the 
hypha in the bordered pit area. X10,830. 
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Fig. 61. Transection of part of vessel in petiole trace from 
severely wilted branch. Note the various developmental 
stages of hyphal bodies. X3,300. 
Fig. 62. Transection of part of vessel in leaf trace from 
severely wilted branch. Hyphal body appears to be 
dividing. X9,682. 
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Fig. 63. Longitudinal section of part of vessel in petiole from 
cutting treated with culture-filtrate of Isolate GA-32 
for 48 hr. Leaves on branch were severely wilted. These 
gum-like masses appear to originate from the pit 
membrane (A), then form round masses that expand to 
occlude the vessel (B, C). X7,990. 
Fig. 64. Longitudinal section of part of vessel in petiole trace 
from cutting treated with culture filtrate of Isolate 
GA-32 for 48 hr. Note formation of tylose-like body 
from xylem parenchyma cell. Note also the accumulation 




thickened mass noted in the latter sections (Figs. 34, 35). Vessel wall 
deterioration was much more evident in petiolar and leaf trace transections 
from branches exhibiting advanced symptoms when compared with similar 
sections from moderately diseased branches (Figs. 34-37, 47-49). Middle 
lamellae in petiole and leaf traces from branches exhibiting severe wilt 
symptoms were deteriorated and appeared as disorganized areas of granular 
or gum-like materials (Figs. 39, 44, 46, 48). Middle lamellae in similar 
areas of uninfected material were not disorganized and contained no 
granular or gum-like masses (Figs. 31, 33). In longitudinal and tran¬ 
sections of petiole and leaf traces from severely wilted branches vessels 
were fully occluded by granular materials (Figs. 42, 44, 56, 57, 58). 
Less granular material was noted in similar sections of moderately wilted 
branches (Figs. 38, 39, 44). A study of these sections has not clearly 
revealed the source of origin of granular material. They appear to 
originate from several sources within petiole and leaf traces such as 
the degraded middle lamellae (Figs. 40, 41, 44, 46), deteriorated 
vessel wall (Figs. 48, 59, 53, 58), and pit membrane breakdown (Figs. 45, 
46, 52). 
Sections of naturally infected material were compared with culture 
filtrate-treated material in order to ascertain the degree to which 
similarities in dysfunction were evident in these two kinds of materials 
at EM level. Gum-like masses were observed in vessel lumina of both 
types of materials (Figs. 34, 35, 41, 51, 56, 58, 63). In the naturally 
infected material middle lamellae breakdown (Figs. 40, 41, 44, 46), xylem 
parenchyma cell extrusions (Figs. 41, 49), vessel wall degradation 
(Figs. 48, 49, 53), and deterioration of pit membranes (Figs. 45, 46, 
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52) appeared to be the sources of the granular materials. Occasionally, 
it was noted that gum-like materials appeared to pass between adjacent 
vessels and xylem parenthyma cells (Figs. 50, 51). Similar materials 
were noted in sections from culture filtrate-treated branches. The gum¬ 
like masses that were found in vessels of culture filtrate-treated 
branches, formed homogenous round masses that appeared to originate 
from pit membranes to completely occlude the vessel lumina (Fig. 63) 
instead of the ring-like mass, uniformly-thickened mass or irregular 
gum-like masses noted in naturally infected materials (Figs. 34, 35, 41, 
49, 50, 51, 56). Granular materials were also noted in culture filtrate- 
treated petiole traces (Figs. 64, 65). Rarely were tylose-like bodies 
observed within the lumen of a vessel. These structures were found in 
petiole and leaf traces from naturally infected severely diseased branches 
and culture filtrate-treated materials (Figs. 54, 55, 56, 64). 
Somatic structures of C_. ulmi were not common in the naturally 
infected material studied. However, in some trans-spore and longitu¬ 
dinal sections, hyphal segments and spores were noted in vessel lumina. 
These structures were found in a section from a petiole and a leaf 
trace from branches that were severely wilted (Figs. 58-62). In some 
instances, gum-like materials and hyphal segments were present in the 
same vessel (Fig. 58). These hyphal segments appeared to be representa¬ 
tive of the yeast-like phase of C^. ulmi, for structures were noted 
that appeared to be budding (Fig. 62). Some hyphal segments also 
appeared to enter bordered pits (Figs. 59, 60). 
Fig. 65. Longitudinal section of vessel in petiole trace from 
cutting treated with culture filtrate of Isolate GA-32 
for 48 hr. Note the complete occlusion of the vessels 




One of the objectives of this research was to determine the extent of 
vascular dysfunction in petiole and leaf traces from branches of naturally 
infected elms that exhibited various stages of Dutch elm disease development. 
This objective was accomplished by examining materials that were prepared 
for light and EM observations. 
Sections taken from branches with slightly wilted leaves contained 
fewer vessels that exhibited vascular dysfunction and these vessels were 
randomly dispersed. Rarely was a section observed in which general 
vascular dysfunction occurred throughout the leaf or petiolar traces. On 
the other hand, extensive vascular dysfunction was observed in petiole 
and leaf traces from branches exhibiting severe disease symptoms. Not 
only were the vessels occluded with granular or gum-like masses, xylem 
parenchyma cells were greatly deteriorated, vessel walls were markedly 
altered, and pit membranes were degraded. 
From these observations it appears that the greater the number of 
occluded vessels within the petiole and leaf traces, the greater the 
expression of wilting in leaves on diseased branches. Such a pattern, 
correlating increasing disease severity with increasing numbers of 
occluded vessels and over-all general vascular dysfunction, provides 
substantial evidence, it appears, that sufficient vascular dysfunction 
occurs within the petiole and leaf traces to establish these places as 
the sites that play the most critical role in the development of the 
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wilting syndrome of Dutch elm disease. This investigator's findings 
tend to support those of MacHardy and Beckman (1973). They concluded 
that the cause of foliar wilt and chlorosis in the Dutch elm disease is 
a reduction in water transport to leaves. Those authors compared dye 
distribution within the water-conducting tissue of uninfected and infected 
branches. The variations noted suggested that vascular dysfunction was 
responsible for the water deficit associated with foliar wilt symptoms. 
The type and degree of foliar symptom development, according to MacHardy 
and Beckman, is dependent not only upon the rate and degree of this vascu¬ 
lar blockage, but also its precise location. Vessel blockage in the 
main stem and large branches was apparently not the primary cause of 
leaf wilt symptoms because a considerable number of interconnections 
provided many alternate channels of flow in these parts of the plant. 
On the other hand, blockage of tracheary elements at the nodes, in 
green shoots, and in the petiole appeared to be more "critical" than 
that in larger branches because few such alternate channels were 
present. This investigator's findings support their observations, 
because within the petiole and leaf traces sufficient evidence of 
vascular dysfunction was found to reduce the flow of water transport 
within infected vessels. This investigator's findings also support 
their observations that the type and degree of foliar symptom develop¬ 
ment is dependent upon the rate and degree of vascular blockage be¬ 
cause fewer occluded vessels were observed in the petiole and leaf 
traces from branches exhibiting few wilt symptoms, as opposed to 
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similar tissue from the severely diseased branches in which extensive 
vascular dysfunction was noted throughout the tissue. 
The findings of this investigator do not support those of Corden 
and Chambers (1963), however. Their investigations concluded that 
occlusion of the vessels did not play an important role in the Fusarium 
wilt of tomato. Instead, they attributed wilt in this disease to be 
due primarily to the collapse of vessels in the petiole of Fusarium- 
infected tomato. 
Observations on the nature of vascular dysfunction within petiole 
and leaf traces from naturally-infected branches exhibiting slight to 
severe wilt symptoms, as well as culture-filtrate-treated materials, 
were quite similar on the light microscopy and EM levels. One charac¬ 
teristic vascular dysfunction feature noted was the occlusion of vessels 
in petiole and leaf traces with a granular material. The granular 
material that partially or completely occluded the vessel lumina of 
petiole and leaf traces apparently originated from several possible 
sources, such as the deterioration of xylem parenchyma cells, middle 
lamellae, pit membranes, and vessel walls. Granular materials within 
occluded elm vessels were also observed by Salters (1966) at the light 
microscope level, in leaf and petiole traces. These granular materials 
were much more abundant in freehand transections of leaf traces than in 
similar sections from embedded materials, and the level of abundance 
appeared to be correlated with wilt severity. Salters described these 
materials as being viscous at first and later granular. As the disease 
increased in severity, he reported that these materials became more 
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granular in nature, and eventually filled the vessel lumina. He further 
stated that the deterioration of the walls of the vessel members by 
toxic substances in the filtrates may be a contributing factor in the 
development of granular materials. Granular materials were also noted 
to occlude the vessels within petiole traces, but these granular 
materials could not be detected under oil immersion. In the longi¬ 
tudinal sections of petiole traces, Salters (1966) reported that the 
granular materials appeared to be of two sizes. In the vessel members 
that were annular or spiral, the lumina were occluded with smaller 
granular materials, while the pitted vessel members were occluded with 
larger granular particles. He did not observe the presence of the 
two distinctly-sized particles together in the same kind of vessel. 
Salters compared vessel occlusions in naturally diseased material 
with that developed in lumina of vessels in leaf traces and petioles 
from culture filtrate-treated twigs. He observed internal disease 
symptoms characteristic of the Dutch elm disease in the elm cuttings 
that were exposed to sterile culture filtrates of C_. ulmi isolates. He 
noted that discoloration of the xylem was the most conspicuous evidence 
of vascular dysfunction of the disease symptoms. In addition to the 
discoloration of the xylem, and the presence of occlusions in vessel 
lumina, distortion of vessel members and wall collapse were observed 
in transections of petiole and leaf traces of diseased embedded materials. 
Occasionally, he noted that the pit apertures were blocked by granular 
materials in leaf traces. He suggested that pit occlusions of the 
granular materials would probably interfere with the lateral movement 
of water into adjacent vessels and parenchyma cells. 
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In this study similar granular materials were noted in vessel 
lumina of petiole and leaf traces from culture filtrate-treated and 
naturally infected twigs when these materials were examined at the 
light microscopy and EM levels. These granular materials either 
partially or totally occluded the vessel lumina or accumulated along 
the vessel wall. Salters indicated that more vessels were occluded 
in transections of leaf traces than petiolar traces. In this study no 
difference could be detected in the occurrence of granular materials 
within the petiole and leaf traces. Granular occlusions within 
transections of petiolar and leaf traces from severely diseased material 
were much more abundant when compared with similar transections of 
branches exhibiting only slightly wilted leaves. This feature can be 
noted, for example, when the occluded vessel in Fig. 38 is compared 
to the vessel in Fig. 43. 
In addition to granular occlusions within the vessels of leaf 
traces and petioles, gum-like materials were also observed to occlude 
vessels. At the light microscope level, gum-like occlusions in vessels 
have been observed to be associated with various vascular wilt syndromes 
by many authors (Clinton and McCormick, 1936; Pope, 1943; McClure, 1950; 
Scheffer and Walker, 1953; Struckmeyer et al., 1954; Kerling, 1955; 
Winstead and Walker, 1954; Krause and Wilson, 1975). At the EM level, 
gum-like occlusions within vessels have also been noted by several 
investigators (Jones, 1971; Krause and Wilson, 1972; Czaninski et al., 
1975). Jones described the gum-like materials as being in three forms, 
namely, phenol-like particles that originated from adjacent parenchyma 
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cells, masses that were irregular in outline, and a type of gum-like 
material that was thought to be a combination of deteriorated fungal 
hyphae and gum or "gunk." In the present study, observations of the 
structure of these gum-like materials also indicate that they may 
also be in several forms, such as the irregular masses similar to those 
observed by Jones (1971), ring-like masses that appeared to be uniform 
in diameter, and spherical masses that occluded vessel lumina of 
culture filtrate-treated sections. Gum-like materials and hyphal 
segments were observed in the same vessel (Fig. 58). These gum-like 
materials may be similar to the "gunk" described by Jones (1971) since 
hyphal segments and gum-like materials were present in the same vessel. 
Jones (1971) also suggested that the gum-like materials observed 
in the vessels were the degraded materials of xylem parenchyma cells 
of the host and the pathogen. He did not observe gum-like material 
being formed from the degrading cell walls. Although the deterioration 
of the living cells of the host and pathogen may be a source of these 
gum-like materials, observations in this study indicate that these sub¬ 
stances may originate from several other sources such as the degradation 
of the middle lamellae, pit membranes, and vessel wall surfaces. 
Degradation of the elm vessel wall, which may eventually become distorted 
and collapse, has been observed, at the light microscope level by 
Gagnon (1967) and Salters (1966). 
Czaninski et al. (1975) reported the presence of gum-like 
materials in the vessels of diseased elms. They indicated that these 
gum-like materials appeared to originate from the pit membranes, 
continued into the vessel lumina, and completely blocked the vessel 
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lumina. Their findings tend to support the observations of this study 
on the possible origin of the gum-like materials. 
The darkening of the intertracheary membranes has been associated 
with an increase in vascular dysfunction (MacDonald, 1970; Jones, 1971; 
Krause and Wilson, 1972). This investigator's findings on the de¬ 
gradation of intertracheary pit membranes in naturally infected petiole 
and leaf traces, tend to support similar observations of these authors 
because darkened or deteriorated pit membranes were quite common in 
petiole and leaf traces of branches exhibiting severe disease symptoms. 
However, the findings of this study are not in agreement with Kruase 
and Wilson (1972), who stated that besides the production of gums and 
tyloses, the most apparent disruptive host response to C.. ulmi is 
necrosis of the parenchyma and a darkening of the pit membranes in 
bordered pits. Even though the darkening and deterioration of pit 
membranes may play a contributing role in vascular dysfunction in the 
Dutch elm disease syndrome, the results of this study do not agree with 
the findings of these authors who stated that this phenomenon is one 
of the most disruptive factors in the Dutch elm disease syndrome. This 
investigator tends to give more support to the hypothesis that the 
presence of granular and gum-like materials play a much more significant 
role in vascular dysfunction in the Dutch elm disease syndrome. The 
presence of these granular materials would block the lateral movements 
of water within infected petiole and leaf traces by reducing the flow 
of water either through the pit apertures of bordered pits or occlusion 
of the vessel lumina. The blockage of the vessels in the petiole and 
leaf traces by granular and gum-like materials is very critical because 
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there are fewer alternate channels for the passage of water to the 
leaf lamina. 
MacDonald (1970) stated that frequently, as the disease advances, 
the electron density of the intertracheary pit membranes increases 
until they appear to be darkened. The darkening of the membrane was 
found to be accompanied by the superficial alteration of the cell-wall 
surface included within the bordered pit. Often, the darkened pit 
membranes appeared granular, and particles of similar density were 
associated with the membranes. In contrast to the observed alteration 
of the intertracheary pit membrane no change in the electron density of 
the vessel-parenchyma pit membrane was seen by MacDonald. The findings 
of this investigator tend to support these observations of MacDonald. 
It was also observed that granular or gum-like materials accumulated on 
the pit membranes of bordered pits in petiole and leaf traces of naturally 
infected and culture filtrate-treated longitudinal sections (Figs. 57, 
63). When this investigator compared intertracheary pit membranes to 
similar vessel-parenchyma pit membranes, no alteration in the electron 
density of the vessel-parenchyma pit membrane was observed (Fig. 43). 
Tylose formation within elm vessels infected by (3. ulmi has been 
observed by many investigators (Schwarz, 1922; Wollenweber, 1927; 
Broekhuizen, 1929; Buisman, 1933; Clinton and McCormick, 1936; Kerling, 
1955; Beckman, 1958; Ouellette, 1962; Wilson, 1965; Tchernoff, 1965; 
MacDonald, 1970; Jones, 1971). The role that tyloses may play in the 
wilting of American elms appears to be somewhat controversial. Ouellette 
(1962) indicated that tyloses formed in artificially inoculated American 
elms were insufficient to cause wilting. On the other hand, Wilson 
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(1965) indicated that tyloses formation is sufficient to induce wilting 
in naturally infected American elms. The author of this investigation 
observed the presence of tyloses in vessels of naturally infected and 
culture filtrate-treated elm materials on the light microscopy and EM 
levels; however, other types of vascular occlusions such as granular and 
gum-like substances were much more extensive in the vessels than tyloses. 
Some bubble-like processes were also noted in light microscopy, and 
these structures extended from the vessel walls into the vessel lumina. 
Because of the infrequent observations of these tylose-like bodies and 
bubble-like processes, their role in the wilting syndrome of American 
elm was not determined. 
Perhaps the most controversial aspect of the development of 
vascular dysfunction in Dutch elm disease is the necessity of the 
presence of the fungus in diseas development. Pomerleau (1970) and 
MacDonald (1970) have indicated that the fungus must be physically 
present in those plant parts where disease symptoms are manifested. 
MacDonald (1970) states that a "reactive zone" surrounded the site of 
fungal material with the most severe vascular dysfunction occurring 
within tissue nearest to the fungal-infected vessels. Although this 
investigator found gum-like material and hyphal segments present in a 
vessel (Fig. 58), this occurrence was observed only once. Secondly, 
spores within vessels were observed once within a section from a petiole 
trace and once in a section from a leaf trace. In contrast, numerous 
vessels occluded with granular and gum-like materials were observed 
within vessels from petiole and leaf traces of naturally infected elm 
materials. Characteristic disease symptoms similar to those observed 
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in naturally infected petiole and leaf traces such as the occlusion 
of the vessels with tylose-like bodies, granular-like materials, and 
gum-like materials, were also observed within vessels of culture 
filtrate-treated petiole traces. Within a given vessel from a culture 
filtrate-treated petiole trace of elm, vascular dysfunction was noted 
although one cannot show the presence of the fungus within that vessel. 
Because the author rarely observed the presence of the fungus within 
vessels of naturally infected elms, as well as the observations of 
characteristic disease symptoms in culture filtrate-treated elm 
materials, this investigator differs with those authors (MacDonald, 1970; 
Pomerleau, 1970) who have indicated that the fungus must be physically 
present in those plant parts where disease symptoms are manifested. 
To the contrary the fungus apparently elucidates a substance or "toxin" 
which induces disease symptoms in plant parts where the fungus is not 
physically present. The presence of toxins in association with plant 
diseases has been reported by many authors (Dimond et al., 1949; 
Howard, 1941; Feldman et al., 1950; Clinton and McCormick, 1936; 
Frederick and Howard, 1951; Salters, 1966). 
It is accepted by some investigators that the typical symptoms 
associated with Dutch elm disease result from toxic substances secreted 
by the fungus as it grows in the host. Several studies have attempted 
to identify the components of the toxin in C. ulmi. Salemink et al. 
(1972) identified the crude extract of the toxin as being 95% glycopep- 
tide and 5% carbohydrate. On the other hand, Richards and Takai (1973) 
and Takai (1974) reported the isolation of a different toxin, which 
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is described as being a high molecular weight carbohydrate that is 
insoluble in water. 
Many theories have been proposed as to the mode of action of these 
toxins in inducing wilting. Zentmeyer (1942) and Beckman (1964) 
presumed that toxins produced in the elm by (3. ulmi caused the host 
to form gums and tyloses that occluded vessel lumina. Corden and 
Chambers (1963) suggested that in Fusarium wilt of tomato vessel 
collapse was the major cause of dysfunction. Based on this observation, 
these authors further suggested that the deposits associated with 
vascular discoloration may produce vascular dysfunction by water¬ 
proofing the walls of the vessels, subsequently preventing lateral 
movement to adjacent parenchyma cells. 
There are also several proposed mechanisms as to how phytotoxins 
induce wilting. These mechanisms include: disruption of membranes 
(Strobel and Hess, 1968); reduction of flow through the stem by either 
vascular plugging (Hodgson, el: al., 1949) or an increase in the viscosity 
of the xylem sap (Husain and Kelman, 1958); and interference with stomatal 
regulation of transpiration (Turner and Graniti, 1969). 
In the case of the glycopeptides, Van Alfen and Turner (1975) studied 
the effect of this toxin on the water balance and stem conductance of elm 
seedlings. They concluded that the toxin disrupted some element of the 
water-conducting system of the plant, and the major interference with 
water movement occurred in the stem and petiole. Although these authors 
did not present data on how the toxin disrupts the flow of the transpira¬ 
tion stream, they speculated that the decrease in stem and petiole 
conductance was the result of plugging the pores of the pit membranes 
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between vessels, and possible cavitation. Gum-like masses, which appeared 
to originate from the pit membranes, were observed by the author to 
completely occlude the vessel lumina in culture filtrate-treated petiole 
traces. This observation provides additional information on the possible 
role of toxin in the Dutch elm disease syndrome, and gives credence to the 
possible mode of action of Ch ulmi proposed previously by Zentmeyer (1942) 
Beckman (1964) and Van Alfen and Turner (1975), that these toxins 
disrupted some element of the water-conducting system of the plant. 
Data gathered from this investigation provide substantial evidence 
that establishes the petiole and leaf traces as the more "critical sites" 
of wilting, as well as the nature and extent of vascular dysfunction, such 
as the occlusion of vessels with gum-like and granular materials, in these 
plant parts. This investigator suggests that more studies on the light 
microscopy and EM levels should be done to provide additional information 
on the possible roles of the bubble-like processes in vascular dysfunction 
of the petiole and leaf traces. Secondly, an extensive study on the role 
of xylem parenchyma cell in the development of vascular dysfunction within 
petiole and leaf traces should also be done. 
CHAPTER VI 
SUMMARY 
Light and ultrastructural observations on leaf and petiole traces 
of Ulmus americana by Ceratocystis ulmi have revealed the presence of 
extensive vascular dysfunction at these anatomical sites. When sections 
taken from twigs treated with culture filtrates of C. ulmi are compared 
with similar sections from naturally infected twigs the nature of the 
vascular dysfunction has been found to be similar. Granular or gum¬ 
like substances occluded vessel lumina, vessel wall surfaces and 
middle lamellae were darkened and often deteriorated, and the darkening 
of the intertracheary pit membranes were common. Although less 
frequently observed, tylose-like bodies, bubble-like formations, and 
hyphal segments were noted to occlude vessel lumina of naturally 
infected material. Except for the hyphal segments, similar dysfunctions 
were noted in culture filtrate-treated material. 
The extent of vascular dysfunction and disease severity in petiole 
and leaf traces of naturally infected material appears to be correlated 
with the expression of wilting in leaves on diseased branches. More 
extensive vascular dysfunction occurred within the petiole and leaf 
traces of branches exhibiting severe disease symptoms when these traces 
were compared with similar sections from branches exhibiting less severe 
disease symptoms. Such a pattern, correlating increasing disease 
severity with increasing numbers of occluded vessels and over-all 
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general vascular dysfunction within those plant parts where primary 
xylem predominates, has provided substantial evidence to indicate that 
these sites play "critical" roles in the development of wilting in the 
Dutch elm disease syndrome. 
LITERATURE CITED 
Beckman, C. H. 1956. Production of pectinase, cellulases and growth- 
promoting substance by Ceratostomella ulmi. Phytopathology. 
46:605-609. 
Beckman, C. H. 1958. Growth inhibition as a mechanism in Dutch elm 
disease therapy. Phytopathology. 48:172-176. 
Beckman, C. H. 1964. Host responses to vascular infection. Annual 
Rev. Phytopathol. 2:231-253. 
Beckman, C. H., N. A. Brun, and I. N. Buddengagen. 1962. Water rela¬ 
tions in banana plants infected with Pseudomonas solaracearum. 
Phytopathology. 52:1144-1149. 
Beckman, C. H., S. Halmos, and E. Mace. 1962. The interaction of host, 
pathogen, and soil temperature in relation to susceptibility to 
Fusarium wilt of bananas. Phytopathology. 52:134-140. 
Benedict, W. G. 1969. Anatomy of young branches of American elms 
naturally infected with Ceratocystis ulmi. Phytopathology. 
59:1200-1202. 
Bentancount, A. A., H. S. Foucett, and J. M. Wallace. 1943. The relations 
of wood alterations in psorosis of citrus to tree deterioration. 
Phytopathology. 33:865-883. 
Broekhuizen, S. 1929. Wondreaksies van hont. Het onstasn van thyllen 
en wondgom in het biezonder in verband met de Iepensiekte. Thesis, 




Buisman, C. 1933. Verslag van de onderzoekingen over de Iepanziekte, 
etc. Tijdschrift Over Plantenziekte. 39:77-94, 101-113. 
(Abstr.) Rev. Appl. Mycol. 12:665. 1933. 
Butler, 0. 1911. A study on gummosis of prunus and citrus with 
observations on squamoses and exanthema of the citrus. Ann. 
Bot. 25:107-154. 
Clinton, G. P., and F. A. McCormick. 1936. Dutch elm disease 
(Graphium ulmi). Conn. Agr. Exp. Bull. 389:701-752. 
Corden, M. E., and H. L. Chambers. 1963. Semiography of Fusarium wilt 
of tomato. Phytopathology. 53:1006-1010. 
Czaninski, Yvette, Rene Pomerleau, and Mireille Moreau. 1975. 
Ultrastructure du xyleme de l'Orme atteint par le Ceratocystis 
ulmi (Buis) C. Moreau. C. R. Acad. Sc. 280:851-856. 
Dimond, A. E. 1955. Pathogenesis in the wilt disease. Ann. Rev. 
Plant Physiol. 6:329-350. 
Dimond, A. E. 1967. Physiology of wilt diseases, pp. 87-109. In 
Mirocha, C. J. and I. Uritani. The dynamic role of molecular 
constituents in plant-parasite interaction. United States-Japan 
Cooperative Science Program. St. Paul, Minnesota. 
Dimond, A. E., G. H. Plumb, E. M. Stoddard, and J. G. Horsfall. 1949. 
An evaluation of chemotherapy and vector control by insecticides 
for combating Dutch elm disease. Conn. Agr. Exp. Bull. 531. 
Esau, K. 1948. Anatomic effects of the viruses of Pierce's disease 
and phony peach. Hilgardia. 18:428-482. 
81 
Feldman, A. W., N. E. Caroselli, and F. L. Howard. 1950. Physiology 
of toxin production by Ceratostomella ulmi. Phytopathology. 
40:341-354. 
Frederick, L. 1950. Comparative physiology and pathogenicity of eight 
isolates of Ceratostomella ulmi. M.S. Thesis. University of 
Rhode Island. 
Frederick, L., and F. L. Howard. 1951. Comparative physiology and 
pathogenicity of eight isolates of Ceratostomella ulmi. (Abstr.) 
Phytopathology. 41:8. 
Gagnon, C. 1967a. Histochemical studies on the alteration of lignin 
and pectic substances in white elm infected by Ceratocystis ulmi. 
Can. J. Bot. 45:1619-1623. 
Gagnon, C. 1967b. Polyphenols and discoloration in elm disease 
investigated by histochemical technique. Can. J. Bot. 45: 
2119-2124. 
Gaumann, E. 1951. Some problems in pathological wilting in plants. 
Adv. Enzymol. 2:401-437. 
Gothoskar, S. S., R. P. Scheffer, J. C. Walker, and M. A. Stahman. 1953. 
The role of pectic enzymes in Fusarium wilt of tomato. 
Phytopathology. 43:535-536. 
Hodgson, R., W. H. Peterson, and A. J. Riker. 1949. The toxicity 
of polysaccharides and other large molecules to tomato cuttings. 
Phytopathology. 39:47-62. 
Howard, F. L. 1941. The bleeding canker of hardwoods and possibilities 
of its control. Proc. West Shade Tree Conf. 8:1-10. 
82 
Husain, A. D., and A. Kelman. 1958. Relation of slime production to 
mechanism of wilting and pathogenicity of Pseudomonas solanacearum. 
Phytopathology. 48:155-165. 
Jones, M. E. 1971. Electron microscopy of host tissue deterioration 
in Dutch elm disease. Unpublished Ph.D. thesis. Ames, Iowa, 
Library, Iowa State University. 
Kerling, L. C. P. 1955. Reactions of elm wood to attacks of Ophiostoma 
ulmi (Buism.) Nannf. Acta. Bot. Neerl. 4:398-403. 
Krause, C. R., and C. L. Wilson. 1972. Fine structure of Ceratocystis 
ulmi in elm wood. Phytopathology. 62:1253-1256. 
Lillie, R. D. 1954. Histopathologic technic and practical histochemistry 
Blakiston Co., New York. 
Ludwig, R. A. 1952. Studies on the physiology of hadromycotic wilting 
in the tomato plant. Technical Bulletin. 20:1-7. 
MacDonald, W. L. 1970. Electron microscopy of elm infected with 
Ceratocystis ulmi (Buism.) C. Moreau. Ph.D. thesis. Ames, Iowa, 
Library, Iowa State University, Ames, Iowa. 
MacHardy, W. E., and C. H. Beckman. 1973. Water relations in American 
elm infected with Ceratocystis ulmi. Phytopathology. 63:98-103. 
MacHardy, W. E., and C. H. Beckman. 1974. The occurrence and cause of 
cavitation of American elm shoot nodal tissue infected by 
Ceratocystis ulmi. Phytopathology. 64:290-293. 
McClure, T. T. 1950. Anatomic aspects of Fusarium wilt of sweet potatoes 
Phytopathology. 40:764-775. 
83 
McNabb, H. S., Jr., H. M. Heybroek, and W. L. MacDonald. 1970. 
Anatomical factors in resistance to Dutch elm disease. Neth. J. 
Plant Pathol. 76:196-204. 
Melhus, I. E., J. H. Mucie, and W. H. Ho. 1924. Measuring water flow 
interference in certain fall and vascular diseases. Phytopathology. 
14:580-584. 
Metcalfe, C. R., and L. Chalk. 1950. The anatomy of the dicotyledons. 
Clarendon Press, Oxford. 
Ouellette, G. B. 1962. Studies on the infection process of Ceratostomella 
ulmi (Buism.) C. Moreau in American elm trees. Can. J. Bot. 40: 
1567-1575. 
Pierson, C. F., S. S. Gothoskar, J. C. Walker, and M. A. Stahman. 1955. 
Histological studies on the role of pectic enzymes in the development 
of Fusarium wilt symptoms in tomato. Phytopathology. 45:524-527. 
Pomerleau, R. 1966. Relation of early cambial activity in white elm 
and infection by Ceratocystis ulmi (Buism.) C. Moreau. Can. J. Bot. 
44:109-111. 
Pomerleau, Rene. 1970. Pathological anatomy of the Dutch elm disease. 
Distribution and development of Ceratocystis ulmi in elm tissues. 
Can. J. Bot. 48:2043-2057. 
Pope, S. A. 1943. Some studies on the Dutch elm disease and the causal 
organism. Ph.D. thesis. Cornell University. 
Powers, H. R., Jr. 1954. The mechanisms of wilting in tobacco plants 
affected by black shank. Phytopathology. 44:513-521. 
84 
Rebel, H. 1969. Phytotoxins of Ceratocystis ulmi. Isolation and 
structure investigation. Dissertation, University of Utrecht. 
(Abstr.) Phytopathologish Laboratorium "Willie Commelin Scholten" 
Mededeling. 77:16. 
Reynolds, E. S. 1963. The use of lead citrate at high pH as an 
electron-opaque stain in electron microscopy. J. Cell. Biol. 
17:208-212. 
Richards, W. C., and S. Takai. 1973. Novel technique for isolating micro¬ 
structures present in shake cultures of the fungus Ceratocystis 
ulmi. Appl. Microbiol. 26:443-444. 
Richardson, F. C. 1964. A comparative study of the nodal anatomy of 
Ulmus americana and Ulmus pumila. M.S. Thesis. Atlanta University. 
Richardson, F. C. , and L. Frederick. 1964. A comparative study of the nodal 
anatomy of Ulmus americana and U. pumila. ASB Bull. 11:54. 
Roberts, B. R. 1966. Transpiration of elm seedlings as influenced by 
inoculation with Ceratocystis ulmi. For. Sci. 12:44-47. 
Sadasivan, T. S. 1961. Physiology of wilt disease. Ann. Rev. Plant 
Physiol. 12:449-468. 
Salemink, C. A., H. Rebel, L. C. P. Kerling, and V. Tchemoff. 1965. 
Phytotoxin isolated from liquid cultures of Ceratocystis ulmi. 
Science. 149:202-203. 
Salters, A. L. 1966. Nodal vascular occlusions induced in Ulmus 
americana by culture filtrates of Ceratocystis ulmi isolates. 
M.S. Thesis. Atlanta University. 
85 
Salters, A. L., and L. Frederick. 1967. Histological changes induced 
in nodal traces and petioles of Ulmus americana by culture filtrates 
of Ceratocystis ulmi. ASB Bull. 14:39. 
Scheffer, R. P., S. S. Gothoskar, C. F. Pierson, and R. P. Collins 1956. 
Physiological aspects of Verticillium wilts. Phytopathology. 
46:83-87. 
Scheffer, R. P., and J. C. Walker. 1953. The physiology of Fusarium 
wilt of tomato. Phytopathology. 43:116-125. 
Schwarz, M. B. 1922. Das Zweigsterben der ulmen, traverweiden and 
pfirsichbaume. Mededeelingen vit het Phytopathologisch Laboratorium 
"Willie Commelin Scholten", Baarn. 5:7-32. (Abstr.) Bartlett 
Res. Lab. Bull. 1. 1928. 
Sinclair, W. A., J. P. Zahand, and J. B. Melching. 1975. Localization 
of infection in American elms resistant to Ceratocystis ulmi. 
Phytopathology. 65:129-133. 
Sleeth, B. 1933. Relationship of Fusarium niveum to the formation of 
tyloses in melon plants (Abstr.) Phytopathology. 23:33. 
Smithson, E. 1954. Development of winged cork in Ulmus x hollandica 
Mill. Proc. Leeds Phil. Soc. 8:211-220. 
Strobel, J. C., and W. M. Hess. 1968. Biological activity of a 
phytotoxic glycopeptide produced by Corynebacterium sepedonicum. 
Plant Physiol. 43:1673-1688. 
Struckmeyer, B. E., C. H. Beckman, J. E. Kuntz, and A. J. Riker. 1954. 
Plugging of vessels by tyloses and gums in wilting oaks. 
Phytopathology. 44:148-152. 
86 
Takai, S. 1974. Pathogenicity and Cerato-ulmin production in Ceratocystis 
ulmi. Nature. 252:124-126. 
Talboys, P. W. 1958. Association of tyloses and hyperplasia of the 
xylem with vascular invasion of the hop by Verticillium alboatrum. 
Brit. Mycol. Soc. Trans. 41:249-260. 
Tchernoff, V. 1965. Methods for screening and for the rapid selection 
of elms for resistance to Dutch elm disease. Bot. Neerl. 
Acta. 14:400-452. 
Turner, N. C., and A. Graniti. 1969. Fusicoccin: a fungal toxin that 
opens stomates. Nature. 223:1070-1071. 
Turner, N. C., and J. Y. Parlange. 1970. Analysis of operation and 
calibration of a ventilated diffusion porometer. Plant Physiol. 
46:175-177. 
Van Alfen, N. K., and N. C. Turner. 1975. Influence of a Ceratocystis 
ulmi toxin on water relations of elm (Ulmus americana). Plant 
Physiol. 5:312-316. 
Waggoner, P. E., and A. E. Dimond. 1955. Production and role of extra¬ 
cellular pectic enzymes of Fusarium oxysporium f. lycopersici. 
Phytopathology. 45:79-87. 
Watson, M. L. 1958. Staining of tissue sections for electron microscopy 
with heavy metals. II. Application of solutions containing Lead 
and Barium. J. Biophys. Biochem. Cytol. 4:475-479. 
Wilson, C. L. 1963. Wilting of persimmon caused by Cephalosporium 
diospyri. Phytopathology. 53:1402-1406. 
Wilson, C. L. 1965. Ceratocystis ulmi in elm wood. Phytopathology. 
55:477. 
87 
Winstead, N. N., and J. C. Walker. 1954. Production of vascular browning 
by metabolites from several pathogens. Phytopathology. 44:153-158. 
Wollenweber, H. W. 1927. Das Ulmen-sterben and sein Erreger Graphium 
ulmi Schwarz. Nach richten blatt fur den deutschen 
Pflanzenochutzdienst. 7:97-100. (Abstr.) Bartless Research 
Laboratory Bulletin 1. 1928. 





Osmium in phosphate buffer: 
1% osmium tetroxide in 0.05 M phosphate buffer at pH 7.2; 
fix 1 hr at 4° C. 
1. Preparation of phosphate buffer (Lillie, 1954): 
0.1 M KH2P04 13 ml 
0.1 M Na HPO. 37 ml 
2 4 
Adjust to pH 7.2 - 7.4 if necessary. 
2. Dilute phosphate buffer with 2% osmium tetroxide 1:1. 
Dehydration and Infiltration 
Spurr-embedded specimens were dehydrated in the following manner at 
room temperature. 
Dehydration: 
1. 5 min each in 2 changes, 50 percent ethanol 
2. 5 min each in 70, 95 percent ethanol 
3. 3 changes of 5 min each in absolute ethanol 
4. 3 changes of 5 min each in propylene oxide 
Infiltration: 
1. 30 min in a mixture of 1 part Spurr: 1 part proplylene oxide 
2. 30 min in a mixture of 2 parts Spurr: 1 part proplylene oxide 
3. 2-8 hr in pure Spurr's 
4. Specimens were placed in fresh mixture of Spurr's and embedded 
in Beem capsules 
Polymerization was accomplished at 70 C for 8-16 hr 5. 
90 
Embedding 
Specimens were embedded in: 
Spurr's medium 
Spur's vinyl cyclohexene dioxide 10 g 
nonenyl succinic anhydride 26 g 
diglycidyl ether of propylene glycol 6 g 
dimethylaminoethanol 0.4 g 
